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ABSTRACT
Currently, ica is considered to be the major operon responsible for staphylococcal bioﬁlm. The effect of
bioﬁlm on susceptibility to staphylococcal infection of different implant materials in vivo is unclear. The
interaction of ica-positive (wild-type (WT)) and ica-negative (ica)) Staphylococcus aureus and Staphylo-
coccus epidermidis strains with titanium and both smooth and rough stainless steel surfaces was studied
by scanning electron microscopy in vitro and in a mouse tissue cage model during 2 weeks following
perioperative or postoperative inoculation in vivo. In vitro, WT S. epidermidis adhered equally and more
strongly than did WT S. aureus to all materials. Both WT strains, but not ica) strains, showed
multilayered bioﬁlm. In vivo, 300 CFUs of WT and ica) S. aureus led, in all metal cages, to an infection
with a high level of planktonic CFUs and only 0.89% adherent CFUs after 8 days. In contrast, 106 CFUs
of the WT and ica) strains were required for postoperative infection with S. epidermidis. In all metal
types, planktonic numbers of S. epidermidis dropped to <100 WT, and adherent CFUs were low in WT-
infected cages and absent in ica)-infected cages after 14 days. Perioperative S. epidermidis inoculation
resulted in slower clearance than postoperative inoculation, and in titanium cages adherent WT bacteria
survived in higher numbers than ica) bacteria. In conclusion, the metal played a minor role in
susceptibility to and persistence of staphylococcal infection; the presence of ica genes had a strong effect
on bioﬁlm in vitro and a weak effect in vivo; and S. epidermidis was more pathogenic when introduced
during implantation than after implantation.
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INTRODUCTION
Implant-related infections following fracture ﬁx-
ation occur at a prevalence of up to 5–10% [1].
Owing to the increasing use of ﬁxation devices,
infection poses a rising challenge for patients,
clinicians and researchers [2]. Susceptibility to
infection depends on: (i) the severity of soft tissue
injury; (ii) the surgical approach and technique;
and (iii) the type of implant [3,4]. As surgical
techniques advance towards minimally invasive
protocols, there is more contact of implanted
devices with skin and, indirectly, with other
surfaces in the operating room [5]. This technical
progress may increase the risk of infection from
skin-colonizing bacteria. Implants used for frac-
ture ﬁxation in orthopaedic surgery are usually
composed of stainless steel and titanium, and
their alloys. In previous studies, patients with
titanium and stainless steel dynamic compression
plates were found to be similarly susceptible to
infection [6,7]. In three animal studies, perioper-
ative infection of rabbit tibia that contained metal
plates or nails was more frequent with stainless
steel implants than with titanium implants [3,7,8].
In one study, involving a very high inoculum of
staphylococci, titanium was not signiﬁcantly
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more resistant to infection than steel [9]. In vitro,
adherence to metals was stronger with bioﬁlm-
positive than with bioﬁlm-negative strains, with a
weaker bioﬁlm effect being seen on titanium than
on stainless steel [10]. Formation of bioﬁlm on the
different implant materials has not been investi-
gated in vivo.
Infections associated with a fracture ﬁxation
device are most frequently caused by Staphylococ-
cus aureus (30%), by coagulase-negative staphylo-
cocci (22%) or by Gram-negative bacilli (10%), and
rarely by anaerobes, enterococci or streptococci
(1–5%). Approximately 30% of these infections
have a polymicrobial origin (Trampuz A, Gilomen
A, Fluckiger U. Treatment outcome of infections
associated with internal ﬁxation devices: results of
a 5-year retrospective study (1999–2003). 45th
ICAAC. Washington DC: American Society for
Microbiology, 2005). Infectionsmay develop either
perioperatively, most often caused by Staphylo-
coccus epidermidis, or haematogenously at a later
stage. After implantation, bacteria, plasma pro-
teins and host cells ‘race for the surface’ of the
implant [11,12], and the surface of the implant is
rapidly coveredwith proteins and host cells, which
may prevent or alter bacterial adhesion. Necrotic
or poorly vascularized soft tissue and extracellular
ﬂuid that accumulate in a gap between the implant
and the ﬁbrous tissue surrounding the fracture
favour bacterial adherence and growth [13].
Bacterial adherence to implant surfaces occurs
in two phases [1,14]. First, they adhere via exopo-
lysaccharides and microbial surface components,
e.g. ﬁbronectin-binding, ﬁbrinogen-binding and
collagen-binding proteins, recognizing adhesive
matrix molecules, which are abundant in the
wound. Then, they cluster in multilayers of exo-
polysaccharides into bioﬁlms [15,16]; these bio-
ﬁlms are inﬂuenced by many environmental
factors, including subinhibitory concentrations of
antibiotics [17], and they make bacteria less vul-
nerable by shielding them from immune defence
[15,17,18]. Implant-associated infections are com-
monly caused by microorganisms growing in
bioﬁlms [19].
The bioﬁlm of staphylococci is composed of
polysaccharide intercellular adhesin (PIA), whose
biosynthesis is encoded by the four ica genes
[17,20]. Rupp et al. have shown, in a rat andmouse
catheter model, that bioﬁlm-negative (ica)) staph-
ylococci are less virulent than isogenic wild-type
(WT), ica-positive strains [21,22]. Similarly, in a
subcutaneous catheter abscess model, the extent of
oedema, as well as bacterial numbers in and
around catheters, were higher after inoculation of
WT than after inoculation of ica) S. epidermidis [18].
In contrast, in our mouse implant infection model
with perforated Teﬂon cages, the effect of ica gene
expression upon virulence was weak and visible
only in competitive infection with WT and ica)
strains [23]. Inocula of 103–104 CFUs WT S. aureus
and 105 CFUs WT S. epidermidis were sufﬁcient to
cause a persistent infection [24,25], and the bioﬁlm
formationwith S. epidermidiswas found to bemore
pronounced than that with S. aureus [23].
The role of bioﬁlm in staphylococcal infection
of titanium and steel implants is unclear. There-
fore, implants made of commercial pure titanium
or of implant-quality stainless steel were em-
ployed in the tissue cage model described above.
The susceptibility of these materials to WT and
ica) S. aureus and S. epidermidis was investigated
by measuring the minimal infective dose and the
number of planktonic and adherent bacteria
ex vivo on the devices.
METHODS
Preparation of implant materials
The materials used for cages and as ﬁllings were anodized
commercial pure titanium (cpTi; ISO 5832-2) and electropol-
ished and grid-blasted stainless steel (SS; 1.4441, ISO 5832-1).
A smooth ﬁnished surface was obtained by vibratory ﬁnish
and electropolishing, and a rough surface was achieved by grid
blasting with white corundum (Al2O3, grain size 0.84–1.2 mm).
The cylindrical cages (8.5 · 1 · 30 mm, volume 1.9 mL)
have been described elsewhere [26]. Each cage was perforated
with 130 regularly spaced 1.0-mm holes, with a bottom of metal
and a lid of Teﬂon, both with a hole 2 mm in diameter. Three
cylindrical titanium or stainless steel pellets (3 · 3.25 mm)
were machined as ﬁlling material into each cage. For in vitro
testing, round plates with a diameter of 4.8 mm were used.
The surface topography of all surfaces was quantitatively
measured with a non-contact ‘white-light’ proﬁlometer (FRT
MicroProf 200; Fries Research & Technology, Bergisch-
gladbach, Germany). Roughness average (Ra: arithmetic mean
of the absolute values of all points of the proﬁle) was measured
from a 1 · 1 mm analysis area scan at a point density of
500 points ⁄mm. Individual maximal roughness depth (Rmax)
and maximum peak to valley height of the entire measurement
trace (Rt) were also measured.
Preparation of staphylococcal strains
S. aureusATCC 35556 (S.a.113) [27] and the isogenic ica)mutant
(kind gift of F. Go¨tz, Tu¨bingen), as well as S. epidermidis 1457
and the isogenic ica) mutant (kind gift of D. Mack, Swansea)
were used for in vitro experiments in scanning electron micro-
scopy (SEM) and for experimental infection in mice. The
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staphylococcal strains were grown from frozen stock cultures,
which were prepared using cryoculture beads (Microbank
System; Pro-Lab Diagnostics, Richmond Hill, Canada). One
cryoculture bead per strainwas incubated in 1 mL of tryptic soy
broth (TSB) for 8 h at 37Cwithout shaking. Cultures were then
diluted 1 : 100 in TSB and subcultured for 16 hwithout shaking,
centrifuged, washed three times in 0.9% NaCl, pH 7.4, and
resuspended in saline immediately before use. The inoculum
size was determined by spreading serial dilutions on Mueller–
Hinton broth (MHB) agar plates. CFUs were enumerated
following 24 h of incubation at 37C.
For SEM, metal pellets were immersed in 8 mL of the
subculture (in TSB) in a multiwell plate (six-well tissue culture
plate; Becton Dickinson Labware, Franklin Lakes, NJ, USA).
The pellets were incubated for 16 h at 37C without shaking.
Mice and tissue cage model
Female C57BL ⁄ 6 mice, 10–12 weeks old, with a mean weight of
29 ± 2 g, were kept under speciﬁc pathogen-free conditions in
the Animal House of the Department of Research, University
Hospital Basel, according to Swiss veterinary law, and with
approval of the University Hospital Basel Animal Ethical
Committee. Mice were anaesthetized via intraperitoneal injec-
tion of ketamine (100 mg ⁄ kg) (Ketalar; Pﬁzer AG, Zu¨rich,
Switzerland) and xylazinum (20 mg ⁄ kg) (Xylasol; Graeub AG,
Bern, Switzerland). Sterile cages were subcutaneously
implanted under aseptic conditions into an air pouch in the
back of the mouse [25,28,29]. Inocula (200 lL) containing 102–
104 CFUs S. aureus and 104–106 CFUs S. epidermidis were
injected with a 25-gauge needle percutaneously, either peri-
operatively or postoperatively (14 days after cage implanta-
tion). As reported earlier [25,26], mice never developed
bacteraemia and showed no weight change during the study
period; that is, the infection remained localized.
Tissue cage ﬂuid (TCF) samples were collected 1, 5, 8 and
14 days after infection by percutaneous aspiration from mice
anaesthetized with isoﬂuran (Isoﬂuran; Abbot, Wiesbaden,
Germany) and transferred into sterile microreaction tubes
containing 15 lL of 0.9% NaCl and 1.5% EDTA (pH 7.4), to
avoid clotting.
Numbers of planktonic bacteria in TCF were determined by
spreading serial ten-fold dilutions of 50-lL samples on MHB
plates, CFUs were enumerated after 24 h of culture at 37C.
Adherent staphylococci on cages and pellets were detached as
previously described [26]. In short, following sterile explanta-
tion and washing in saline, pellets and cages were vortexed
and sonicated in a solution of 0.9% NaCl, 0.15% EDTA and
0.1% Triton X-100, pH 7.4. As shown for S. aureus 29213 and
several clinical S. aureus isolates (W. Zimmerli, unpublished
results), more than 95% of adherent bacteria were detached by
this procedure. After additional vortexing, appropriate vol-
umes of serial dilutions were spread on MHB agar plates to
quantify CFUs.
Leukocytes were quantiﬁed in TCF with a cell counter
(Coulter counter; Coulter Electronics, Krefeld, Germany). The
percentage of viable leukocytes was assessed by Trypan blue
exclusion. Leukocyte differentiation in TCF was performed by
staining of cytospins after loading 105 cells ⁄ 100 lL of phos-
phate-buffered saline (PBS) with 10% fetal bovine serum, as
previously described [30] (Diff-Quick; Dade Behring, Du¨din-
gen, Switzerland), and cells were examined under high-power
light microscopy.
SEM
Samples were ﬁxed after 16 h of in vitro incubation in PBS
containing 2.5% glutaraldehyde for 2 h at room temperature.
Subsequently, pellets were washed in PBS and H2O, and
dehydrated in serial ethanol dilutions. Finally, the pellets with
adherent bacteria were gold-coated. Imaging was done with a
scanning electron microscope (Philips XL 30 FEG ESEM; FEI,
Eindhoven, The Netherlands) under pressure of c. 2 mBar, an
acceleration voltage of 5000 V and a working distance of
6800 lm.
Statistical analysis
Mean ± SD of four to eight mice per group are indicated. The
bacterial load of WT and ica) strains at different time-points
was compared with the two-way ANOVA for repeated
measures; p <0.05 was considered to be statistically signiﬁcant.
RESULTS
Stronger adherence of ica+ S. epidermidis than of
ica+S. aureus to titanium and stainless steel
pellets in vitro
To test the effect of the material on bioﬁlm
formation in vitro, SEM analysis of WT S. aureus
and its isogenic bioﬁlm-negative ica) mutant was
performed after overnight incubation on different
metals. Fig. 1 shows the three material surfaces
with the bacteria. The surface of commercial pure
titanium was corrugated (Fig. 1a,d), whereas the
smooth stainless had an even surface (Fig. 1b,e),
and the grid-blasted stainless steel presented
irregular cavities (Fig. 1c,f). These observations
corresponded with the proﬁlometry
measurements, which had revealed Ra values
of 0.66 lm, 0.25 lm and 2.90 lm, Rmax values of
9.85 lm, 4.24 lm and 54.13 lm, and Rt values
of 9.96 lm, 4.39 lm and 61.00 lm for titanium,
smooth stainless steel and rough stainless steel,
respectively. On all materials, WT S. aureus
formed similar multilayered clusters with mod-
erate extracellular bioﬁlm deposits (Fig. 1a–c). In
contrast, samples with ica) S. aureus showed
lower bacterial numbers without bioﬁlm and with
small clusters (Fig. 1d–f).
Similar experiments were also carried out with
S. epidermidis (Fig. 2). WT bacteria accumulated in
enormous clusters and formed strong intercellu-
lar exopolymer deposits and bridges (Fig. 2a–c).
In contrast, bacterial numbers of ica) S. epidermidis
were very low; the bacteria sparsely colonized the
surfaces in a single layer with small aggregates
and without bioﬁlm (Fig. 2d–f). WT S. epidermidis
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(a) (d)
(b) (e)
(c) (f)
Fig. 1. Scanning electron microscopy of in vitro adherence
of wild-type (a–c) and ica) Staphylococcus aureus (d–f) to
titanium (a, d), smooth stainless steel (b, e) and rough
stainless steel (c, f) pellets after 16 h of culture in tryptic
soy broth. Scale bar represents 3 lm. Inserts: scale bar
represents 1 lm.
(a) (d)
(b) (e)
(c) (f)
Fig. 2. Scanning electron microscopy of in vitro adherence
of wild-type (a–c) and ica) Staphylococcus epidermidis (d–f)
to titanium (a, d), smooth stainless steel (b, e) and rough
stainless steel (c, f) pellets after 16 h of culture in tryptic
soy broth. Scale bar represents 3 lm. Inserts: scale bar
represents 1 lm.
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behaved similarly on the three different material
surfaces and outnumbered by far ica) bacteria on
titanium and stainless steel pellets.
Similarly high planktonic bacterial loads after
postoperative infection with WT and ica–
S. aureus in titanium and stainless steel cages
In order to determine the minimal infective doses
of WT and ica) S. aureus that are required to cause
a persistent infection, inocula ranging from 102 to
104 CFUs were applied postoperatively (i.e.
14 days after implantation) to mice carrying a
titanium, a smooth stainless steel or a rough
stainless steel cage. Inocula of 1.2 · 101 CFUs
were cleared (not shown). After inoculation of
5 · 102 CFUs, both bacterial strains caused a
persistent infection, and numbers of planktonic
bacteria reached 106–108 CFUs ⁄mL after 1 week
(Fig. 3). The minimal infective dose at which 50%
of the animals developed a persistent infection
was calculated to be 3 · 102 CFUs. Growth curves
of planktonic WT and ica) S. aureus were similar
in titanium and both stainless steel cages (Fig. 3).
Low numbers of adherent WT and ica– S. aureus
on titanium and stainless steel pellets in vivo
In implant infection, the adherent population of
bacteria is persistent in a bioﬁlm and is difﬁcult to
treat. Therefore, bacteria that adhered to the
surface of the three metal pellets, which were
contained in the cages, were quantiﬁed on the last
day of the experiment after explantation and
sonication of the cages. The number of adherent
S. aureus cells was dependent on the inoculum.
With inocula of £100 CFUs, when no planktonic
bacteria were detectable after 8 days, one of six
titanium and three of six rough stainless steel
pellets infected with WT S. aureus carried bacte-
ria; in contrast, no WT S. aureus-infected smooth
stainless steel pellets, and none of the ica)
S. aureus-infected pellets, carried adherent bacte-
ria (Table 1). At higher inocula, 80–100% of both
WT and ica) S. aureus-infected mice carried
adherent bacteria. Average numbers of both
strains ranged between 5 · 104 and 6 · 105 CFUs
(Table 1); they accounted for only a small fraction
(average of 0.89%) of the total (adherent and
planktonic) bacteria.
The results indicate that the ica genes affected
S. aureus CFU numbers moderately, when a very
low inoculum was applied to titanium or rough
stainless steel cages. During a persistent S. aureus
infection with a high load of planktonic bacteria,
adherence was weak and independent of the ica
genes.
Modest effect of the ica genes, and strong effect
of the time-point of infection, on S. epidermidis
infection in titanium and stainless steel cages
S. epidermidis forms a strong bioﬁlm in vitro
(Fig. 2) and is a very frequent agent of implant
infections (Trampuz A, Gilomen A, Fluckiger U.
Treatment outcome of infections associated with
intenal ﬁxation devices: results of a 5-year retro-
spective study (1999–2003). 45th ICAAC. Wash-
ington DC: American Society for Microbiology,
2005); therefore, we were interested in assessing
the impact of the ica genes upon the bacterial load
of planktonic and adherent S. epidermidis in
the different metal implants. For WT and ica)
S. epidermidis, 104 to 106 CFUs were inoculated
Fig. 3. Planktonic bacterial growth in titanium (circles), smooth stainless steel (triangles) and rough stainless steel
(diamonds) tissue cages for 8 days after postoperative infection with 5 · 102 CFUs of wild-type (WT) (left panels) and ica)
(right panels) Staphylococcus aureus. Mean ± SD values are plotted for each group.
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postoperatively into titanium and stainless steel
cages. In contrast to S. aureus, a high inoculum of
S. epidermidis was required to obtain an infection:
inoculation of 104 and 105 CFUs led to a detectable
infection after 8 days in only 37% of the mice (data
not shown). Even at an inoculum of 106 CFUs of
WT S. epidermidis, either no bacteria (rough steel)
or very low numbers of planktonic cells,
c. 100 CFUs, remained in 50% and 80% of the
mice with titanium and smooth stainless steel
cages, respectively, at the end of the 14-day
observation period (Fig. 4, solid lines). An initial
inoculation with 106 CFUs of ica) S. epidermidis led
to clearing of planktonic bacteria within 14 days in
Table 1. Staphyloccus aureus adherent on titanium and stainless steel implants ex vivo; numbers of infected implants per
number of inoculated mice and bacterial load of wild-type (WT) and ica) adherent S. aureus on day 8 after infection are
indicated
Species
Material of
infected cage
Inoculum of
infection
Bioﬁlm-positive ⁄WT Bioﬁlm-negative/ica–
Infected implants
(n) ⁄ inoculated mice (n)
Bacterial load,
mean CFU ⁄ cage
Infected implants
(n) ⁄ inoculated
mice (n)
Bacterial load,
mean CFU ⁄ cage
S. aureus Titanium £100 CFU ⁄mL 1 ⁄ 6 3.57 · 103 0 ⁄ 3 0
£1000 CFU ⁄mL 6 ⁄ 7 1.89 · 105 4 ⁄ 5 4.80 · 105
Smooth stainless steel £100 CFU ⁄mL 0 ⁄ 6 0 0 ⁄ 3 0
£1000 CFU ⁄mL 5 ⁄ 6 5.51 · 104 5 ⁄ 6 6.40 · 105
Rough stainless steel £100 CFU ⁄mL 3 ⁄ 6 9.75 · 104 0 ⁄ 3 0
£1000 CFU ⁄mL 5 ⁄ 6 1.30 · 105 6 ⁄ 6 1.19 · 105
Fig. 4. Planktonic bacterial growth
in titanium (top, circles), smooth
stainless steel (middle, triangles)
and rough stainless steel (bottom,
diamonds) tissue cages for 14 days
after postoperative infection (solid
lines) or perioperative infection
(dashed lines) with 106 CFUs of
wild-type (WT) (left panels) and
ica) (right panels) Staphylococcus
epidermidis. Mean ± SD values are
plotted for each group. CFU
numbers in titanium cages that were
perioperatively infected with
ica) S. epidermidis were signiﬁcantly
lower than those in cages infected
with WT S. epidermidis (p <0.05).
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all titanium and rough stainless steel cages,
whereas in 50% of smooth stainless steel cages,
very low numbers persisted (Fig. 4). When anal-
ysed over the entire observation period, the
planktonic S. epidermidis load was not signiﬁcantly
different in cages containing WT or ica) bacteria.
In summary, after infection with a high inocu-
lum, few planktonic S. epidermidis cells persisted
in WT-infected titanium cages, or in smooth
stainless steel cages, independent of the presence
of bioﬁlm.
Often, S. epidermidis is introduced periopera-
tively on implants [31]. To compare the perioper-
ative with the postoperative infection, titanium
and stainless steel cages were infected perioper-
atively (i.e. at the time of implantation) with
106 CFUs of WT or ica) S. epidermidis (Fig. 4,
dashed lines). In contrast to postoperative infec-
tion, higher bacterial numbers, of 103–
106 CFUs ⁄ cage, persisted in all cages throughout
the 14 days after infection with WT or ica)
S. epidermidis (Fig. 4). Ica genes and bioﬁlm for-
mation affected the course of the perioperative
infection only in titanium cages, where signiﬁ-
cantly less ica) than WT bacteria were detectable
after 2 weeks. (p <0.05, Fig. 4); there was no effect
in stainless steel implants, as the planktonic
bacterial load was similar, whether cages were
infected with WT or ica) bacteria (Fig. 4).
High proportion of adherent S. epidermidis
following perioperative, but not postoperative,
infection in all metal implants
Fourteen days after postoperative infection with
WT S. epidermidis, when nearly all planktonic
bacteria were eliminated, the CFU numbers of
adherent WT bacteria were low, c. 10 CFUs ⁄ cage,
and they were observed rarely, with only positive
ones out of 4–8 inoculated cages. Following
postoperative infection with ica) S. epidermidis,
no adherent bacteria remained (Table 2).
In contrast, after perioperative infection with
WT or ica) S. epidermidis, a large fraction (60–
100%) of implants carried adherent bacteria, and
bacterial numbers amounted to approximately
103 to 2 · 104 CFUs ⁄ cage, independent of the
metal type (Table 2). The number of infections
due to ica) bacteria was slightly, but not signif-
icantly, lower than that of infections due to WT
bacteria. Adherent S. epidermidis contributed,
with a large fraction of 20–75%, to the total of
surviving bacteria carried by the implants on
day 14.
Leukocyte inﬁltration and viability
Leukocyte numbers in the TCF amounted to
9 · 103 to 2 · 104 cells ⁄ lL at day 0, and increased
to 2 · 104 to 7 · 104 cells ⁄lL within 8 days after
S. aureus infection (data not shown). During the
14-day observation period, neither WT nor ica)
S. epidermidis induced a change in leukocyte
numbers. The leukocyte distribution was similar
in the cages composed of the three materials.
Basal distribution showed 5–14% lymphocytes,
53–78% polymorphonuclear leukocytes, and 14–
38% monocytes and macrophages. Eight days
after infection, the polymorphonuclear leukocyte
fraction rose to 77–89%. The fraction of non-
viable leukocytes amounted to 12–27% after
8 days and was similar in cages composed of
the three materials.
DISCUSSION
Infection of fracture ﬁxation implants is most
often caused by staphylococci; it results from
Table 2. Staphylococcus epidermidis adherent on titanium and stainless steel implants ex vivo; numbers of infected implants
per number of inoculated mice and bacterial load of wild-type (WT) and ica) adherent S. epidermidis on day 14 after
infection are indicated
Species
Material of infected
cage
Time of
infection
Bioﬁlm-positive ⁄WT Bioﬁlm-negative ⁄ ica–
Infected implants
(n) ⁄ inoculated
mice (n)
Bacterial load,
mean CFU ⁄ cage
Infected implants
(n) ⁄ inoculated mice (n)
Bacterial load,
mean CFU ⁄ cage
S. epidermidis Titanium Postoperativea 1 ⁄ 8 4.00 · 101 0 ⁄ 3 0
Perioperative 6 ⁄ 6 1.98 · 104 3 ⁄ 5 1.15 · 103
Smooth stainless steel Postoperative 1 ⁄ 6 2.00 · 101 0 ⁄ 5 0
Perioperative 3 ⁄ 5 3.00 · 103 3 ⁄ 5 7.33 · 102
Rough stainless steel Postoperative 1 ⁄ 4 2.00 · 101 0 ⁄ 8 0
Perioperative 4 ⁄ 5 1.46 · 103 3 ⁄ 5 8.67 · 102
aPostoperative infection means infection 14 days after cage implantation.
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exposure of injured and surgical sites, which have
a reduced defence capacity against skin bacteria.
The rate of infection is also inﬂuenced by the
biocompatibility of the implant material [32].
Apart from the membrane components and
secreted virulence factors of staphylococci, staph-
ylococcal bioﬁlm formation is particularly impor-
tant in foreign-body infections, where bacteria
survive adherent to, and hidden in, a matrix. The
role of bioﬁlm in infection of different implant
materials is unknown. Therefore, this question
was addressed by inoculating titanium and stain-
less steel implants in vitro and in vivo with staph-
ylococci expressing or lacking the ica genes, the
hitherto most important known set of bioﬁlm
biosynthesis genes.
The study yielded four major ﬁndings. First,
susceptibility to infection with S. aureus and
S. epidermidis was similar in titanium and stain-
less steel implants. Second, major differences
existed with regard to the minimal inoculum
required for infection and the persistent bacterial
load of S. aureus and S. epidermidis. Third, the
time-point of inoculation with S. epidermidis had a
major effect on the course of the infection, with a
stronger infection persisting if inoculation was
perioperative than if it was postoperative. Finally,
the presence of the ica genes had a major impact
on bioﬁlm formation in vitro, but minor differ-
ences were noted between infections caused by
ica+ and ica– strains in vivo.
Staphylococci attached to the different materi-
als in vitro with similar patterns, despite the large
differences in surface corrugation between tita-
nium, smooth stainless steel and rough stainless
steel, as documented by proﬁlometry and SEM.
On titanium and stainless steel, WT, bioﬁlm-
positive S. aureus and, even more so, S. epidermidis
accumulated in multilayered clusters with visible
exopolymer formation, whereas ica– and bioﬁlm-
negative bacteria were sparsely scattered in sin-
gle-layered chains on all metal surfaces. The
current observations provide a visual conﬁrma-
tion of previous results obtained by enumeration
of detached bacteria, showing that the WT,
bioﬁlm-positive S. epidermidis strain adhered in
higher numbers to titanium than the isogenic,
bioﬁlm-negative strain [10,33].
The ﬁnding of similar bioﬁlms on the different
metals also reﬂected the in vivo ﬁndings, where
no differences in infection rates were observed
when titanium and stainless steel cages were
used. These results are, however, in contrast to
three previous studies using rabbit tibia implants,
which showed a lower susceptibility to staphylo-
coccal infection of titanium plates than of stain-
less steel implants [3,8,34]. In these studies, the
better result obtained with titanium was attrib-
uted to its better biocompatibility, with ﬁrm
adhesion to soft tissue [12]. In contrast, a ﬁbrous
capsule, enclosing a dead space ﬁlled with liquid,
had been previously shown to form around
stainless steel implants, and this capsule was
considered to be more prone to infection [12]. In
the model studied here, the implant was not ﬁxed
to any solid tissue, a tight capsule was formed
around all types of cage without support from the
bone, and bacteria were localized only within the
lumen of all cage implants. The capsules that
formed around the three types of cage were
analysed by SEM, and their protein content, as
well as their collagen and ﬁbronectin content,
were quantiﬁed. No signiﬁcant differences in
structure and composition of the capsules from
titanium and stainless steel implants were found
(unpublished results), which may be the reason
for the similar susceptibilities of titanium and
stainless steel to the bioﬁlm development
observed in this study.
The characteristics of implant-associated infec-
tion with S. epidermidis were very different from
those of infection with S. aureus: 100 times more
S. epidermidis than S. aureus cells were required to
cause a persistent infection. These results conﬁrm
previous ﬁndings with Teﬂon cage implants,
where only 200 CFUs WT S. aureus, but as many
as 106 CFUs WT S. epidermidis were necessary to
cause a persistent infection [23]. Zimmerli et al.
showed earlier that leukocytes in the foreign body
exhibit weakened oxidative burst and granule
release, because they are ‘frustrated’ by the
foreign body [35]. Accordingly, S. aureus, express-
ing a multitude of virulence factors [36], can grow
in the cage beyond bioﬁlm, even if it is outnum-
bered in the beginning by a ten-fold excess of
leukocytes; this is in contrast to what happens
with S. epidermidis, which has a more restricted
repertoire of virulence factors and is pathogenic
only in the presence of a foreign body. According
to our previous studies, cage infection with
S. aureus is never cured spontaneously if it lasts
8 days and reaches a level of 108 CFUs [30].
In the metal implants used here, S. epidermidis
CFUs did not increase, but stabilized after
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2 weeks at very low numbers, or were even
eliminated. Strikingly, S. epidermidis survived in
100-fold greater numbers if brought into the
implant at the time of surgery. This may be
because, in cases of perioperative infection, cages
were not yet coated with plasma proteins, which
are known to downmodulate S. epidermidis adher-
ence [37]. Furthermore, freshly injured tissue is
likely to be more vulnerable and offers better
conditions of survival for S. epidermidis than does
healed tissue, into which S. epidermidis was inoc-
ulated 14 days after surgery. Also, it is known
that infection of fractures and prostheses due to
S. epidermidis most often occurs perioperatively,
and rarely haematogenously [31].
This study revealed that adhesion and
multilayer clustering on titanium and stainless
steel was affected strongly by bioﬁlm in vitro and
weakly in vivo. First, the effect of the ica genes was
only weakly visible in S. aureus infection; indeed,
it manifested only at low inocula, when all
planktonic bacteria were eradicated and a few
WT bacteria were found to adhere. This may be
related to the previously described weak RNA
expression of the ica genes and to the weak PIA
production by S. aureus [23]. The present obser-
vations support previous data, where the viru-
lence-enhancing effect of the ica gene products
was evident only in competitive cage infection
with ica+ and ica– strains [23]. Also for S. epide-
rmidis, despite its known stronger ica RNA
expression and PIA production [23], numbers of
planktonic and adherent CFU were only slightly
larger after infection with ica+ than with ica–
bacteria, and the bioﬁlm effect reached signiﬁ-
cance only in titanium cages.
These results strongly suggest the existence of
ica-independent genes encoding bioﬁlm [17].
Indeed, proteins described in S. aureus include
bioﬁlm-associated protein in bovine mastitis
[38] and surface protein G (SasG) [39], which
requires proteolytic processing to support bioﬁlm
formation. Furthermore, non-identiﬁed protease-
sensitive molecules [40], as well as other key
structural components of bioﬁlms, e.g. teichoic
acids [41] and released DNA [42], have been
described. Interestingly, a gene (cidA) that con-
trols cell lysis and allows extracellular DNA
accumulation was shown to enhance bioﬁlm
formation [42]. In the absence of the two-com-
ponent system arlRS [43] or of agr [44], enhanced,
ica-independent bioﬁlm formation was observed.
In contrast, the regulator sarA was found to
enhance bioﬁlm formation, partly via upregula-
tion of ica, and partly independent of ica [45].
Finally, the complexity of bioﬁlm is well illus-
trated by a microarray analysis of S. aureus
forming bioﬁlm in a ﬂow chamber, which
revealed 580 genes that were differentially
expressed in planktonic and in adherent bacteria
[45]. Also, a new set of genes identiﬁed by
transposon mutagenesis, which encode hypothet-
ical proteins involved in bioﬁlm formation and
regulators of the ica locus, have been described
recently [46]. In S. epidermidis, an ‘accumulation-
associated protein’ has been found in prosthetic
implants [47]. In addition, in vivo colonization
and invasion are accompanied by differential
bioﬁlm gene expression; that is, ica is relevant for
initial adherence of S. epidermidis, but not for its
persistence [48].
The impact of the other ica-independent genes
on bioﬁlm formation with strains S.a.113 and
S. epidermidis 1457 in our model remains to be
determined.
In summary, these results suggest that the
composition of metal implants is not crucial for
susceptibility to and persistence of staphylococcal
infection. S. aureus caused a persistent infection
with a very small number of bacteria, which was
independent of bioﬁlm formation. In contrast,
S. epidermidis caused an infection only if a consid-
erable bacterial load was introduced during sur-
gery; in addition, bioﬁlm encoded by the ica genes
contributed weakly to adherence of bacteria.
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